Introduction {#sec1}
============

Developmental decline in axon regenerative capacity is well recognized in retinal ganglion cells (RGCs),[@bib1]^,^[@bib2] which leads to permanent loss in visual function in all forms of optic neuropathies, including glaucoma, a leading cause of irreversible blindness. Failure to regenerate axons in RGCs has been attributed to external growth-inhibiting factors in the central nervous system (CNS)[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8] and intrinsic molecular mechanisms that regulate cell growth.[@bib9], [@bib10], [@bib11], [@bib12], [@bib13] Although a growing number of transcription factors and proteins have been demonstrated to enhance axon regenerative potential in injured RGCs,[@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20] the signaling pathways that govern axon extension during development remain poorly understood.

MicroRNAs (miRNAs) are short non-coding RNA molecules that function primarily as posttranscriptional regulators.[@bib21]^,^[@bib22] Although many studies have demonstrated the involvement of miRNAs in the development and differentiation of cortical neurons in mice and *C. elegans*,[@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30], [@bib31], [@bib32], [@bib33] it is largely unclear whether miRNAs are involved in the regulation of developmental decline in axon regenerative capacity of mammalian RGCs. We set out to identify miRNAs that are differentially expressed in the RGCs during development and investigate whether manipulating their levels can restore a molecular environment conducive for axon regeneration in aged or injured RGCs. Using microarray analysis, we show that the levels of microRNA-19a (miR-19a) are substantively downregulated in the RGCs during development and that its downregulation is inversely associated with the expression of phosphatase and tensin homolog (PTEN), a key suppressor of optic nerve regeneration.[@bib14] PTEN is a predicted target of miR-19a;[@bib34] miR-19a has been implicated in the regulation of PTEN expression in a variety of pathological and physiological conditions, such as the PTEN hamartoma tumor syndromes,[@bib35] regulation of glycogen synthesis in hepatocytes,[@bib36] and regulation of axon outgrowth in embryonic cortical neurons.[@bib32] However, our understanding of the involvement of the miR-19a-PTEN axis in the developmental decline of axon regenerative capacity remains incomplete. Specifically, it is unclear whether miR-19a can resuscitate the loss of axon regenerative capacity in adult RGCs. In this study, we demonstrate the inverse relationship between miR-19a and PTEN to be developmentally regulated, which coincides with the age-related decline of axon regenerative capacity in RGCs; increasing the levels of miR-19a in RGCs suppresses PTEN expression and significantly improves axon regeneration *in vivo* after optic nerve crush in mice, as well as in RGCs isolated from aged human donors. Our results reveal a previously unrecognized involvement of the miR-19a-PTEN axis as a heterochronic marker for the developmental regulation of axon regenerative capacity.

Results {#sec2}
=======

Developmental Decline in Axon Regenerative Capacity Coincides with a Decreased Expression of miR-17-92 in RGCs {#sec2.1}
--------------------------------------------------------------------------------------------------------------

To examine developmental decline of axon regenerative capacity in RGCs, we isolated RGCs from Sprague-Dawley (SD) rats using CD90.1 magnetic microbeads (Miltenyi Biotec) ([Figure S1](#mmc1){ref-type="supplementary-material"}A) and showed that neurites extended from postnatal day 6 (P6) and P30 RGCs were 74.4% ± 2.7% (mean ± SEM) and 88.4% ± 0.7% shorter, respectively, than those from embryonic day 21 (E21) RGCs (p \< 0.001) on day 14 *in vitro* ([Figure S1](#mmc1){ref-type="supplementary-material"}B). We hypothesized that miRNAs, as key regulators of post-transcriptional gene expression during development, axon extension, and degeneration in cortical neurons,[@bib31]^,^[@bib33]^,^[@bib37], [@bib38], [@bib39], [@bib40], [@bib41], [@bib42] would contribute to the developmental decline of axon regenerative capacity in RGCs. Using microarrays (Agilent Technologies) to screen for differential expression of miRNAs in the RGCs during development, we found that 76 miRNAs had more than a 4-fold difference in the expression levels between E21 and P30 RGCs, among which 32 (42%) were upregulated and 44 (58%) were downregulated ([Figure 1](#fig1){ref-type="fig"}A). The top three miRNAs with the greatest fold change (i.e., miR-17, miR-20b, and miR-19a) were downregulated from E21 to P30 RGCs ([Table S1](#mmc1){ref-type="supplementary-material"}). Two of these miRNAs (miR-17 and miR-19a) belong to a highly conserved single polycistronic cluster, the miR-17-92 cluster ([Figure 1](#fig1){ref-type="fig"}B).[@bib43] The other members of the miR-17-92 cluster (miR-18a, miR-19b, miR-20a, and miR-92a) were also downregulated from E21 to P30 (p ≤ 0.025) ([Figure 1](#fig1){ref-type="fig"}C). TaqMan qRT-PCR confirmed that the expression levels of miR-17, miR-18a, miR-19a, miR-19b, miR-20a, and miR-92a in the RGCs decreased substantively from E21 to P30 (p ≤ 0.007) and from E21 to P6 (p ≤ 0.014) ([Figure 1](#fig1){ref-type="fig"}C). Taken together, the developmental decline of axon regenerative capacity in the RGCs parallels the substantial decreases in the expression levels of the miR-17-92 family members.Figure 1miRNAs Are Differentially Expressed in RGCs during Development(A) A representative heatmap of miRNA expression profiles constructed from a microarray analysis of retinal ganglion cells (RGCs) purified from embryonic day 21 (E21, n = 3 biological replicates), postnatal day 6 (P6, n = 3 biological replicates), and P30 (n = 2 biological replicates) Sprague-Dawley (SD) rats, showing 76 endogenously expressed miRNAs with significant differential expression (≥4-fold changes in expression levels) during development. Developmental ages (as biological replicates) are indicated in columns, and differentially expressed miRNAs are indicated in rows. All six members of the miR-17-92 cluster (red asterisks) were found to have significant downregulation from E21 to P30 (right panel). Blue (−8.5) and red (+8.5) in the color-coding scale represent relative low and high normalized miRNA expressions, respectively. A two-tailed moderated t test with a Benjamini-Hochberg correction for false discovery rate was used to compare the means of miRNA microarray expression values between E21 and P6 and between E21 and P30. A list of the 76 miRNAs can be found in [Table S1](#mmc1){ref-type="supplementary-material"}, and all other microarray data that support the findings of this study have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO: [GSE102458](ncbi-geo:GSE102458){#intref0020}). (B) Illustration of the polycistronic miR-17-92 cluster region on human chromosome 13 (chromosome 15 for rats). Precursor transcripts derived from the miR-17-92 gene cluster contains six tandem stem-loop hairpin structures that yield six mature miRNAs: miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a. The miRNAs can be categorized into four miRNA families according to their conserved seed sequences (underlined). (C) Downregulation of the six miRNAs from E21 to P30 and from E21 to P6 was confirmed by TaqMan qRT-PCR (E21 vs. P6, miR-17-5p, p = 0.005; miR-18a, p = 0.003; miR-19a, p = 0.014; miR-19b, p = 0.013; miR-20a, p = 0.005; miR-92a, p = 0.014; E21 vs. P30, miR-17-5p, p = 0.0004; miR-18a, p = 0.001; miR-19a, p = 0.007; miR-19b, p = 0.005; miR-20a, p = 0.001; miR-92a, p = 0.003; n = 3 biological replicates for each age group). An unpaired two-tailed Student's t test was used for TaqMan comparisons. All values are shown as mean ± SEM.

We searched potential downstream targets of the miR-17-92 family members using TargetScan that may connect to axon projection or regeneration and clustered a total of 6,759 predicted targets according to their associated biological processes using the PANTHER classification system (version 11).[@bib44] There were 314 downstream targets with a significant association (2.12-fold enrichment) with "neuron projection development" ([Table S2](#mmc2){ref-type="supplementary-material"}). Within the 314 targets, 7 were found to be significantly related to "regulation of axon regeneration" (17.13-fold enrichment), that is, EPHA4, IGF1R, MAP2K1, NDEL1, PTEN, RGMA, and SCARF1.[@bib14]^,^[@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50] The TargetScan context++ score percentile rank[@bib51]^,^[@bib52] was then referenced to evaluate the preferential binding of each of the miR-17-92 miRNA members to the relative efficacy of mRNA repression, in which PTEN showed the highest score (76%) compared with the other targets (range, 15%--32%). PTEN is a negative regulator of mTOR (mechanistic target of rapamycin), a key regulator of cell growth.[@bib53], [@bib54], [@bib55], [@bib56], [@bib57], [@bib58] Unlike other miR-17-92 family members having only one binding site on the *PTEN* 3′ UTR, miR-19a and miR-19b have three binding sites on the *PTEN* 3′ UTR in humans and two in mice. As genetic deletion of *Pten* and *Socs3*, a suppressor of cytokine signaling inhibiting STAT3 activation, has been shown to synergistically promote axon regeneration after optic nerve crush,[@bib17] we also searched for potential binding of the miR-17-92 family members on the *SOCS3* 3′ UTR and found that only miR-19a and miR-19b contain predicted binding sites on the 3′ UTR sequences of *PTEN* and *SOCS3*. miR-19a and miR-19b differ from each other only by 1 nucleotide, and the predicted locations of complementary binding onto the *PTEN* and *SOCS3* 3′ UTRs are the same in rodents and humans. With the expression level of miR-19a in RGCs showing a greater reduction during development compared with miR-19b ([Figure 1](#fig1){ref-type="fig"}C; [Table S1](#mmc1){ref-type="supplementary-material"}), we hypothesized that miR-19a is an important upstream regulator controlling the expression of PTEN and SOCS3 during development that contributes to the decline in axon regenerative capacity in mature RGCs.

Endogenous Expression of miR-19a Is Inversely Associated with PTEN in RGCs {#sec2.2}
--------------------------------------------------------------------------

To validate direct binding of miR-19a onto the 3′ UTR binding sites of *PTEN* and *SOCS3* in the RGCs, we performed dual luciferase reporter assays in purified RGCs transfected with dual luciferase reporter plasmids containing *PTEN* or *SOCS3* 3′ UTR sequences and oligonucleotides of miR-19a mimics or scramble (control) sequences ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). *PTEN* luciferase activity decreased by 55.9% ± 6.4% (p \< 0.001) whereas *SOCS3* luciferase activity showed no significant difference (p = 0.976) in RGCs transfected with miR-19a oligonucleotides versus those transfected with scramble oligonucleotides ([Figure 2](#fig2){ref-type="fig"}A). Suppression of *PTEN* by miR-19a was relieved when the miR-19a binding site was mutated ([Figure 2](#fig2){ref-type="fig"}A). Among the members of the miR-17-92 cluster, miR-19a attained the greatest *PTEN* suppression in the RGCs ([Figure S2](#mmc1){ref-type="supplementary-material"}C). We then examined whether overexpression of miR-19a in RGCs via transduction with enhanced green fluorescent protein-tagged adeno-associated virus (AAV-EGFP) ([Figure S3](#mmc1){ref-type="supplementary-material"}A) would decrease the protein expression levels of PTEN and SOCS3. Immunoblots of AAV-miR-19a-EGFP-transduced RGCs revealed a significant reduction in PTEN (25.9% ± 0.04%, p = 0.001), but not SOCS3 (p = 0.869), protein expression, compared with RGCs transduced with AAV-EGFP ([Figure 2](#fig2){ref-type="fig"}B). Single-cell immunocytofluorescence staining further supported that overexpression of miR-19a decreased the level of PTEN expression by 10.8% ± 2.3% (p = 0.002) ([Figure 2](#fig2){ref-type="fig"}C), whereas inhibition of miR-19a in RGCs, via AAV transduction of a tough decoy (TuD) miRNA inhibitor[@bib59] (AAV-miR-19TuD-EGFP) containing two miR-19a binding sites per transcribed RNA secondary structure ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B), resulted in a 14.7% ± 1.4% increase in PTEN expression (p \< 0.001) ([Figure 2](#fig2){ref-type="fig"}D), compared with controls. The endogenous expression of miRNA-19a and PTEN exhibited a reciprocal relationship in the retina during development ([Figure 2](#fig2){ref-type="fig"}E). In agreement with the TaqMan qRT-PCR assay of miR-19a levels in purified RGCs, *in situ* hybridization (ISH) showed that miR-19a expression, which was largely localized to the ganglion cell layer, decreased from E21 to P6 and to P30 retinas. PTEN expression detected by immunohistochemistry, in contrast, increased from E21 to P6 and to P30 retinas. ISH in purified RGCs revealed that miR-19a was strongly expressed in the cytoplasm, axons, and growth cones of E21 RGCs, but was only weakly expressed in the cytoplasm, and undetectable in the growth cones, in P6 and P30 RGCs ([Figure 2](#fig2){ref-type="fig"}F). PTEN, in contrast, was minimally expressed in E21 RGCs, weakly expressed in the cytoplasm of P6 RGCs, and moderately expressed in the cytoplasm, axons, and growth cones in P30 RGCs ([Figure 2](#fig2){ref-type="fig"}G). P30 RGCs showed 1.6-fold and 1.4-fold increases in endogenous PTEN expression compared with E21 and P6 RGCs, respectively (p \< 0.001) ([Figure 2](#fig2){ref-type="fig"}H). Collectively, our data support that the developmental downregulation of miR-19a is connected to an upregulation of PTEN expression in RGCs.Figure 2Developmental Decline of miR-19a Is Associated with Increased PTEN Expression in RGCs(A) Dual luciferase assays of *PTEN*, *mPTEN*, and *SOCS3* 3′ UTR after transfection with miR-19a mimic or scramble oligonucleotides in P6 RGCs. Only *PTEN* 3′ UTR, but not *mPTEN* or *SOCS3* 3′ UTR, was significantly suppressed by miR-19a (*PTEN*, p = 0.0001; *mPTEN*, p = 0.987; *SOCS3*, p = 0.976; n = 3--4 experimental replicates). Firefly luciferase was normalized to *Renilla* activity. See also [Figure S2](#mmc1){ref-type="supplementary-material"}. (B) Western blots of PTEN and SOCS3 in P6 RGCs after transduction with AAV-miR-19a-EGFP or AAV-EGFP (left). miR-19a significantly reduced PTEN (*PTEN*, p = 0.001; n = 6 experimental replicates), but not SOCS3 (*SOCS3*, p = 0.869; n = 7 experimental replicates) (right). Values were normalized to GAPDH or β-actin. (C and D) Immunofluorescence images of PTEN (red) in P6 RGCs with AAV-miR-19a-EGFP (green) (C) or AAV-miR-19aTuD-EGFP (green) (D). Scale bars, 10 μm. Single-cell PTEN intensity was significantly lower in AAV-miR-19a-EGFP-transduced RGCs (p = 0.002; n = 100 RGCs) and higher in AAV-miR-19aTuD-EGFP-transduced RGCs (p \< 0.0001; n = 183 RGCs), compared with control (n = 327 RGCs). See also [Figure S3](#mmc1){ref-type="supplementary-material"}. (E) *In situ* hybridization (ISH) and immunohistofluorescence images of endogenous miR-19a (upper panel) and PTEN (lower panel), respectively, in E21, P6, and P30 retinas. Boxed areas are magnified on the right. Scale bars, 25 μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. (F) ISH images of endogenous miR-19a (green) in E21, P6, and P30 RGCs. Boxed areas are magnified above. Scale bars, 10 μm. Axon growth cones are indicated by arrowheads. (G) Immunofluorescence images of endogenous PTEN (red) in E21, P6, and P30 RGCs. Boxed areas are magnified above. Scale bars, 10 μm. Axon growth cones are indicated by arrowheads. (H) Single-cell PTEN intensity significantly increased from E21 (n = 78 RGCs) to P6 (E21 vs. P6, p = 0.047; n = 89 RGCs) and to P30 (E21 vs. P30, p \< 0.0001; P6 vs. P30, p \< 0.0001; n = 88 RGCs). All values are shown as mean ± SEM. Unpaired two-tailed Student's t test was used for all comparisons: ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001. N.S., not significant.

miR-19a Augments Axon Regeneration in Mature Rodent RGCs {#sec2.3}
--------------------------------------------------------

We reasoned that increasing the level of miR-19a in mature RGCs would partially restore their capacity to regenerate axons after optic nerve injury. To study axon regeneration, we measured (1) the length of axon extension of RGCs in a microfluidic chamber, (2) the rate of axon extension in isolated RGCs using time-lapse imaging, and (3) the number of regenerating RGC axons after optic nerve crush in C57BL/6J mice. The microfluidic chamber is composed of two compartments separated by microgrooves ([Figure S4](#mmc1){ref-type="supplementary-material"}A). This creates a difference in hydrostatic pressure and permits only axons to extend into the opposing compartment, isolating axons from cell bodies. Immunofluorescence staining confirmed the segregation of TAU-positive axons from MAP2-positive somata and dendrites in their respective compartments ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4C). At day 14 *in vitro*, axon lengths of P6 RGCs transduced with AAV-miR-19a-EGFP were 2.9 ± 0.5-fold longer compared with those transduced with AAV-EGFP (p = 0.034) ([Figure 3](#fig3){ref-type="fig"}A). Inhibiting miR-19a with AAV-miR-19a-TuD significantly decreased axon extension by 59.6% ± 1.4% compared with the control vector (p \< 0.001) ([Figures S4](#mmc1){ref-type="supplementary-material"}D and S4E). To study the rate of axon extension, P6 RGCs at day14 *in vitro* were trypsinized and replated onto glass-bottom dishes for time-lapse imaging of individual RGCs. RGCs transduced with AAV-miR-19a-EGFP extended axons at a faster rate (17.4 ± 2.1 μm/h) compared with those transduced with AAV-EGFP (7.0 ± 2.1 μm/h) (p \< 0.001) ([Figures 3](#fig3){ref-type="fig"}B and 3C; ([Videos S1](#mmc3){ref-type="supplementary-material"} and [S2](#mmc4){ref-type="supplementary-material"}). The mean length of axon extension was also greater in AAV-miR-19a-EGFP-transduced RGCs (108.4 ± 18.1 μm) than in the AAV-EGFP-transduced RGCs (47.8 ± 11.5 μm) (p = 0.019). There were no significant differences in soma diameter, soma circularity, and baseline axon lengths (p ≥ 0.273) between the two groups.Figure 3miR-19a Augments Axon Regeneration in Mature Rodent RGCs(A) Serial fluorescence images of cropped image areas of the axonal compartment of microfluidic chambers with P6 RGCs transduced with AAV-miR-19a-EGFP or AAV-EGFP at 7, 14, and 21 days *in vitro*. Total axon lengths in the axonal compartment were significantly longer in RGCs transduced with AAV-miR-19a-EGFP (day 7, p = 0.264; day 14, p = 0.034; day 21, p = 0.002; n = 3 experimental replicates) than with AAV-EGFP (n = 3 experimental replicates). Scale bars, 100 μm. An unpaired two-tailed Student's t test was used for all comparisons. See also [Figure S4](#mmc1){ref-type="supplementary-material"}. (B) Time-lapse microscopy images (left) showing axon extension of P6 RGCs transduced with AAV-miR-19a-EGFP (top) or AAV-EGFP (bottom). Scale bars, 25 μm. (C) The rate of axon extension of AAV-miR-19a-EGFP-transduced RGCs (n = 9 RGCs from 7 experimental replicates; 17.4 μm/h, 95% confidence interval \[CI\]: 13.2--21.5 μm/h) was significantly faster than that of AAV-EGFP-transduced RGCs (n = 7 RGCs from 5 experimental replicates; 7.0 μm/h, 95% CI: 2.8--11.2 μm/h). Multivariable linear mixed model was used for comparison after adjusting for comparisons at multiple time points after axotomy (p \< 0.0001). (D) Timeline for evaluation of axon regeneration in C57BL/6 mice after optic nerve crush. (E) Fluorescence images of optic nerve sections from eyes intravitreally injected with AAV-miR-19a-EGFP (top) or AAV-EGFP (bottom). Regenerating axons were labeled with cholera toxin B (black). The crush site is indicated by an asterisk. Scale bars, 100 μm. (F) The numbers of regenerating axons were significantly greater in AAV-miR-19a-EGFP-transduced eyes (n = 8 mice) than in AAV-EGFP-transduced eyes (n = 8 mice). Multivariable linear mixed modeling was used for comparison after adjusting for comparisons at multiple distances from the crush site (p = 0.004). All values are shown as mean ± SEM. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001. N.S., not significant.

Video S1. Axon Regeneration of a Retinal Ganglion Cell Transduced with AAV-miR-19a-EGFP after Axotomy

Video S2. Axon Regeneration of a Retinal Ganglion Cell Transduced with AAV-EGFP after Axotomy

To investigate the effects of overexpression of miR-19a on RGC axon regeneration *in vivo*, AAV-miR-19a-EGFP (n = 8 mice) or AAV-EGFP (n = 8 mice) was injected into the vitreous of a randomly selected eye in 16 C57BL/6J mice ([Figure 3](#fig3){ref-type="fig"}D). Optic nerve crush was performed at 3--4 weeks after intravitreal injection (*in vivo* imaging using confocal scanning laser ophthalmoscopy showed that fluorescent intensity of AAV-transduced RGCs peaked at 2--3 weeks) ([Figure S5](#mmc1){ref-type="supplementary-material"}A). Cholera toxin subunit B (CTB) was then injected into the vitreous 3--4 weeks after optic nerve crush, and the number of CTB-positive axons was measured at every 0.5 mm from the crush site. Immunofluorescence staining of GAP43 confirmed that CTB-positive axons were regenerating axons ([Figure S5](#mmc1){ref-type="supplementary-material"}B). AAV-miR-19a-EGFP-injected eyes had a greater number of regenerating axons compared with AAV-EGFP-injected eyes (multivariable linear mixed modeling adjusting for multiple comparisons at different distances from the crush site, p = 0.004) ([Figures 3](#fig3){ref-type="fig"}E and 3F). Overexpression of miR-19a also improved RGC survival following optic nerve crush compared with controls (p = 0.006) ([Figures S5](#mmc1){ref-type="supplementary-material"}C and S5D).

miRNA-19a Promotes Axon Regeneration in Human Adult RGCs {#sec2.4}
--------------------------------------------------------

Similar to rodent RGCs, we observed a significantly higher level of miR-19a expression in human fetal RGCs compared with aged RGCs purified from human donor eyes ([Figure 4](#fig4){ref-type="fig"}A). We next examined whether overexpression of miR-19a was able to augment the axon regenerative potential of aged RGCs isolated from adult human donor retinas. RGC axon length and total neurite length (i.e., length of axons and dendrites) were measured and analyzed after 2 weeks of AAV-mediated transduction of miR-19a-EGFP or EGFP. The frequency distributions of axon length and total neurite length were right shifted for RGCs transduced with miR-19a-EGFP (n = 60 RGCs) compared with those transduced with the control vector (n = 61 RGCs) (n = 121 total RGCs isolated from two human donors aged 69 and 75 years) ([Figure 4](#fig4){ref-type="fig"}B). Axon length and total neurite length of the miR-19a-EGFP-transduced RGCs were 1.3-fold (p = 0.041) and 1.7-fold (p \< 0.001) longer, respectively, compared with those of the controls.Figure 4miR-19a Promotes Axon Regeneration in Human Adult RGCs(A) *In situ* hybridization images of endogenous miR-19a expression (green) in purified fetal (15-week-old) and adult (73-year-old) human RGCs at 7 days *in vitro*. Images on the right are magnifications of boxed areas. miR-19a was most prominently detected in the cytoplasm and decreased in expression from fetal to adult human RGCs. Scale bars, 10 μm. (B) Fluorescence images of purified human adult RGCs transduced with AAV-EGFP or AAV-miR-19a-EGFP (left). Scale bars, 25 μm. Single-cell analysis showed that AAV-miR-19a-EGFP-transduced human adult RGCs (n = 60 RGCs; 2 experimental replicates) had longer axon lengths and total neurite lengths compared with AAV-EGFP-transduced human adult RGCs (n = 61 RGCs; 2 experimental replicates) at 14 days *in vitro* (top) (axon length, p = 0.041; total neurite length, p = 0.0002; total n = 121 RGCs purified from two donors aged 69 years and 75 years). Unpaired two-tailed Student's t test was used for all comparisons; ∗p \< 0.05; ∗∗∗p \< 0.001. All values are shown as mean ± SEM. The proportions of RGCs by axon length and total neurite length between AAV-EGFP-transduced and AAV-miR-19a-EGFP-transduced human RGCs are represented by histograms (bottom). The Gaussian distribution of AAV-EGFP and AAV-miR-19a-EGFP is indicated by an overlapping curve. (C) A schematic illustrating the reciprocal relationship of endogenous expression of miR-19a and PTEN in RGCs during development and their association with the decline in axon regenerative capacity.

Discussion {#sec3}
==========

While a number of transcription factors and proteins have been implicated in the regulation of axon regeneration, why mature RGCs lose their intrinsic ability to extend axons remains largely unexplained. By isolating RGCs from the retina at different ages during development, our study uncovers miR-19a to be a heterochronic marker that drastically decreases in expression during the maturation of RGCs, which relieves the suppression of PTEN and contributes to the developmental decline of axon regenerative capacity ([Figure 4](#fig4){ref-type="fig"}C).

miRNA-19a has been demonstrated to regulate neural progenitor cell migration during neuronal development in the hippocampus and enhance axon growth in embryonic cortical neurons.[@bib32]^,^[@bib42] Its role in the retina, however, has not been previously investigated. Note that downregulation of miR-19a in the RGCs during development was not only observed in rodents, but also in RGCs isolated from fetal and aged humor donors ([Figure 4](#fig4){ref-type="fig"}A). Increasing the levels of miR-19a in the RGCs not only promoted axon regeneration in young adult rodents (optic nerve crush was performed at the age of ∼2 months), but it also enhanced axon regeneration in RGCs isolated from human donors at 69--75 years of age ([Figure 4](#fig4){ref-type="fig"}B). In other words, the involvement of the miR-19a-PTEN axis in the regulation of axon extension or regeneration is conserved in rodent and human RGCs. Enhancement of axon regeneration following overexpression of miR-19a holds therapeutic potential in human optic neuropathies.

A caution when considering intravitreal injection of miR-19a for axon regeneration is its oncogenic potential. While co-expressing other members of the miR-17-92 cluster may further extend axon outgrowth, overexpression of the miR-17-92 cluster has been implicated in human retinoblastoma, although the oncogenic function in retinoblastoma is not mediated by the miR-19a-PTEN axis.[@bib60] With a selective tropism of AAV2/2 to the inner retina,[@bib61] intravitreal injection of AAV-miR-19a-EGFP attained a high transduction efficiency in RGCs, and we did not observe tumor formation or other abnormal ocular findings in mice intravitreally injected with AAV-miR-19a-EGFP for up to 1 year.

As U6-driven miRNAs are known to induce non-specific transcriptome changes,[@bib62], [@bib63], [@bib64] the lack of a scramble control to rule out potential off-targeting effects is a limitation to this study. Furthermore, as there was a total of 76 miRNAs that were differentially expressed in RGCs during development ([Figure 1](#fig1){ref-type="fig"}A), modifying the level of miR-19a alone may not be sufficient to recover visual function following optic nerve crush. Modulation of other intrinsic signaling pathways that mediate axon growth capacity, refinement of the extrinsic growth-prohibiting environment, and provision of growth cone guidance cues for synapse formation at the right location would be required to restore the functional integrity of the optic nerve.[@bib65], [@bib66], [@bib67]

Although PTEN protein levels significantly increased in P30 RGCs by 60% and 40% from E21 RGCs and from P6 RGCs, respectively (p \< 0.001) ([Figure 2](#fig2){ref-type="fig"}H), the developmental decline in axon regenerative capacity would not be solely accountable by an increase in PTEN expression. Growing evidence suggests that PTEN is not only post-transcriptionally but also post-translationally regulated for regulation of axon growth and regeneration. Post-translational modifications, such as phosphorylation, acetylation, oxidation, *S*-nitrosylation, ubiquitination, or sumoylation, may influence PTEN phosphatase activity, binding to the membrane, subcellular localization, or protein interactions in the regulation of axon growth and regeneration.[@bib68] Antagonizing the PDZ-motif interactions of PTEN using cell-permeable peptides, for example, has been shown to increase neuronal survival, optic nerve regeneration, and visual acuity after optic nerve injury in adult rats.[@bib69]

In summary, our study demonstrates that the miR-19a-PTEN-axis is involved in the developmental decline of axon regenerative capacity in RGCs. That overexpression of miR-19a augments axon regeneration in mature rodent RGCs and aged human RGCs underscores the therapeutic potential of local administration of miRNAs via intravitreal injection to rejuvenate RGCs for axon regeneration in the treatment of optic neuropathies.

Materials and Methods {#sec4}
=====================

Experimental Design {#sec4.1}
-------------------

Sample sizes were determined for each study based on the principle of using the minimum number of animals to provide adequate statistical power, being mindful of the recommendations of the Institutional Animal Care and Use Committee (IACUC) (animal studies). A minimum of three mice were used for each treatment group, according to standard scientific conventions. More mice were used in some experiments to augment statistical power (final n = 5--8 mice per treatment group). Sample size on human biospecimen data was limited by availability. Sample sizes of all other experiments were based on effect sizes and sample-to-sample variability during pilot experiments. Please see below and figure legends for more details.

Data Inclusion and Exclusion {#sec4.2}
----------------------------

We excluded any data that failed to adhere to criteria that were established prior to data collection. Microfluidic chambers excluded batches with microfluidic chambers that did not fully adhere to culture plates, leading to inconsistent cell density and total cell number. Time-lapse imaging excluded RGCs that were connected to other cells, RGCs without EGFP signal, or RGCs without an extended axon and visible growth cone prior to time-lapse imaging. Our *in vivo* mice model excluded one mouse from the optic nerve count analyses due to an incomplete optic nerve crush (i.e., residual axons remained in optic nerve sections), and another mouse due to retinal hemorrhaging after optic nerve crush, leading to eyeball atrophy before the time of sample retrieval. No other data were excluded from analyses.

Randomization and Blinding {#sec4.3}
--------------------------

C57BL/6J mice were allocated randomly to receive an intravitreal injection of AAV-miR-19a-EGFP or AAV-EGFP in one eye. All mice in each treatment group were age and sex matched. All manual tracings of single-cell neurite lengths and microfluidic chamber axon lengths and the counting of regenerated optic nerve axons were analyzed by blinded investigators.

Postmortem Human Retinal Tissues {#sec4.4}
--------------------------------

Human adult retinal tissues were collected from the Hospital Authority Eye Bank, Hong Kong Eye Hospital with written informed consent collected from a closest family member. Human fetal retinal tissues from aborted fetuses were collected from the Department of Obstetrics and Gynecology, Prince of Wales Hospital, Hong Kong, with written informed consent obtained from the mother. All study protocols for human adult and fetal retinal tissues were approved by the Joint CUHK-NTEC Clinical Research Ethics Committee and the Cluster Research Ethics Committee/Institutional Review Board (REC/IRB). Purified RGCs that were cultured for human adult RGC axon growth experiments in this study were collected from retina donors at 69 years (female), 73 years (male), and 75 years (male). There were no known ocular or brain disorders for each donor. Purified human fetal RGCs that were cultured for ISH staining in this study were collected from a fetus at gestation week 14.6.

Experimental Animals {#sec4.5}
--------------------

All experimental procedures were approved by The Chinese University of Hong Kong Animal Experimentation Ethics Committee and Hong Kong Department of Health, which adhere to the International Guiding Principles for Biomedical Research Involving Animals and the Hong Kong Code of Practice for Care and Use of Animals for Experimental Purposes. SD rats and C57BL/6J mice were fed standard diet *ad libitum* and housed in a 12-h light/12-h dark light cycle.

Purification of RGCs {#sec4.6}
--------------------

RGCs were purified using a magnetic cell sorting technique. Briefly, retinas from SD rats or human donor eyeballs were dissected and dissociated using a neural tissue dissociation kit-postnatal neurons (Miltenyi Biotec, \#130-094-802). All retinal tissues were transferred into Neurobasal-A media (Gibco) supplemented with 5% bovine serum albumin (BSA) (Sigma) and placed on ice immediately upon collection. The dissociated retinas were passed through a 40-μm filter (Fisher Scientific) to obtain a single-cell suspension before RGC purification. For rat retinal tissue, primary antibody rat and mouse CD90.1 MicroBeads (Miltenyi Biotec, \#130-094-523) and biotinylated depletion antibody (Miltenyi Biotec, \#130-096-209) were used for purification of RGCs and depletion of non-RGC neuronal cells, respectively, according to the manufacturer's instructions. For human retinal tissue, primary antibodies human CD90 MicroBeads (Miltenyi Biotec, \#130-096-253) and biotinylated human CX3CR1 (clone 2A9-1, Miltenyi Biotec, \#130-096-446) were used for purification of RGCs and depletion of non-RGC neuronal cells, respectively. RGCs were eluted from MS columns (Miltenyi Biotec, \#130-042-201) using Neurobasal-A media (Gibco) supplemented with 1× B27 (Invitrogen), 1× penicillin/streptomycin (Gibco), 6 mM sodium bicarbonate (Sigma), 1% BSA (Sigma), 1× GlutaMAX (Gibco), 10 ng/mL brain-derived neurotrophic factor (BDNF) (PeproTech), 10 ng/mL ciliary neurotrophic factor (CNTF) (PeproTech), 10 ng/mL insulin-like growth factor 1 (IGF-1) (PeproTech), and 0.5 μM forskolin (Sigma). Cells were plated at a density of 20--30 cells/mm^2^ on culture plates (Corning Life Sciences) pre-coated with 0.2 mg/mL poly-[d]{.smallcaps}-lysine (PDL) (Millipore) and 20 μg/mL laminin (Invitrogen). Approximately 30, 20, and 40 retinas from E21, P6, and P30 SD rats, respectively, are required for an average total yield of 8--10 × 10^5^ RGCs.

Rodent RGC Neurite Length Analysis {#sec4.7}
----------------------------------

Images of cultured E21, P6, and P30 RGCs were captured using an inverted Leica DM IRB microscope using the Spot software with a 20× objective (N Plan L 20×/0.4, Leica) on day 3, 7, and 14 for comparisons of total neurite length. Images were assembled into montages and adjusted for brightness and contrast before manual tracing. Total neurite length was measured using a custom program written in MATLAB ([Data S1](#mmc5){ref-type="supplementary-material"}).

Quantification of Endogenous miRNA in RGCs Using Microarray and TaqMan qRT-PCR {#sec4.8}
------------------------------------------------------------------------------

For RNA extraction of purified E21, P6, and P30 RGCs, an RNeasy mini kit (QIAGEN) was used according to the manufacturer's instructions. The quantity (ng/μL) and quality (A~260~/A~280~) of the extracted RNA were measured using a spectrophotometer (NanoDrop ND-1000; Thermo Scientific). Three biological replicates were analyzed for E21 (40 retinas per replicate) and P6 (20 retinas per replicate) RGCs. Two biological replicates were analyzed for P30 RGCs (40 retinas per replicate). After RNA extraction, total RNA from E21, P6, and P30 RGCs (100 ng per biological replicate) was used for microarray analysis using a miRNA complete labeling and hybridization kit (Agilent Technologies, \#5190-0456) and a SurePrint G3 Rat v16.0 miRNA array kit (Agilent Technologies), according to the manufacturer's instructions. Rat microRNA Microarray v2.0 slides contained probes for 677 rat miRNAs (Sanger miRBase database v16.0). Values from scanned images were extracted using Agilent Feature Extraction software (v9.5.3.1) with the default protocols and settings for background subtraction and signal intensity processing. Non-uniform outliers were excluded. Data were further analyzed using GeneSpring GX software (v11.5). The dataset was normalized using a 75th percentile shift normalization method, which normalizes miRNA expression values of each independent sample to the 75th percentile of the expression intensity across all probes. p values were calculated using a moderated t test with a Benjamini-Hochberg correction.[@bib70], [@bib71], [@bib72], [@bib73] For TaqMan qRT-PCR, complementary DNA (cDNA) was synthesized from total RNA using a TaqMan miRNA reverse transcription kit (Applied Biosystems), according to the manufacturer's instructions. TaqMan primer sequences were as follows: miR-17-1-5p, 5′-CAAAGUGCUUACAGUGCAGGUAG-3′; miR-18a-5p, 5′-UAAGGUGCAUCUAGUGCAGAUAG-3′; miR-19a-3p, 5′-UGUGCAAAUCUAUGCAAAACUGA-3′; miR-19b-3p, 5′-UGUGCAAAUCCAUGCAAAACUGA-3′; miR-20a-5p, 5′-UAAAGUGCUUAUAGUGCAGGUAG-3′; miR-92a-3p, 5′-UAUUGCACUUGUCCCGGCCU-GU-3′; and U6 small nuclear RNA (snRNA) (endogenous control), 5′-GTGCTCGCTTCGGCAGCACATATACTAAAATTGGAACGATACAGAGAAGATTAGCATGGCCCCTGCGCAAGGATGACACGCAAATTCGTGAAGCGTTCCATATTTT-3′. Newly synthesized cDNA was qPCR amplified using a TaqMan miRNA assay kit (Applied Biosystems) and Roche PCR machine (LC480 II), according to the manufacturers' instructions. Three biological replicates were assayed per miRNA per PCR reaction (triplicate measurements). Results were averaged across all replicate PCR reactions. The relative gene expression was calculated using the 2^−ΔΔCt^ method[@bib74] with normalization to U6 snRNA and relativity to E21.

Validation of miR-19a Binding onto the PTEN 3′ UTR and Quantification of PTEN Downregulation {#sec4.9}
--------------------------------------------------------------------------------------------

For dual luciferase assay, the *PTEN* 3′ UTR was amplified from human cDNA (forward primer, 5′-TAAT**GAGCTC**AATGCTCAGAAAGGAAATAA-3′; reverse primer, 5′-TAAT**TCTAGA**TGCCACAGCAAAGAATGGTG-3′; 2.2-kb length) and contained two miR-19a binding sites; the *SOCS3* 3′ UTR was amplified from human cDNA (forward primer, 5′-TAAT**GAGCTC**ACTCACTGGAGGGCAC-3′; reverse primer, 5′TAAT**TCTAGA**TTTTTCATTAAAAAAT-3′; 0.7-kb length) and contained one miR-19a binding site (upstream SacI and XbaI restriction sites in forward and reverse primers, respectively, are in boldface). Full-length human *PTEN* and the *SOCS3* 3′ UTR contain three and one miR-19a binding sites, respectively. The *PTEN* 3′ UTR with miR-19a binding sites mutated (*mPTEN*) replaced both miR-19a binding sites with AAAAAAA. All three 3′ UTR sequences were cloned into pmirGLO plasmid (Promega) that contained the firefly luciferase (*luc2*) gene as the primary reporter monitoring mRNA regulation, whereas the *Renilla* luciferase (*hRluc-neo*) gene acted as a control reporter for endogenous normalization control **(**[Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). DNA plasmids were purified using a QIAfilter Plasmid Midi Kit (QIAGEN). Purified P6 RGCs were cultured at 20--30 cells/mm^2^ in 24-well plates (Corning Life Sciences) for 3 days before co-transfection of 0.8 μg of pmirGLO reporter plasmid containing *PTEN*, *mPTEN*, or *SOCS3* 3′ UTRs with 100 nM miR-19a-3p mimic oligonucleotide (mirVana, \#4464066) or scramble miRNA oligonucleotide 5′-TAACACGTCTATACGCCCA-3′ (Exiqon, \#199006-011) using NeuroMag transfection reagent (1:3; OZ Biosciences). Experiments were performed in four replicates. Firefly and *Renilla* luciferase expression was assayed at 36 h post-transfection using the Dual-Luciferase reporter assay system (Promega), according to the manufacturer's instructions. Luciferase expression was measured using a GloMax 20/20 luminometer (Promega). The relative firefly-to-*Renilla* luciferase ratio was calculated to normalize 3′ UTR expression to endogenous gene expression for each sample. Relative luciferase expression with miRNA targets was relative to luciferase expression with scramble oligonucleotides. Empty vector pmirGLO was used as a positive control for transfection efficiency and signal detection. For immunoblot, purified P6 RGCs were transduced by AAV-miR-19a-EGFP or AAV-EGFP at a multiplicity of infection (MOI) of 1 × 10^5^ and cultured at 40 cells/mm^2^. On day 14, RGCs were lysed with radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate \[SDS\], 1 mM sodium orthovanadate, 1 mM NaF, and protease inhibitors \[cOmplete, Roche\]) for total protein extraction. Concentration of protein was quantified using a total protein assay (Bio-Rad, Hercules, CA, USA). Forty micrograms of protein was used per sample with an equal volume of 2× Laemmli buffer containing 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, and 0.125 M Tris-HCl at pH 6.8. For gel electrophoresis and blotting, equal amounts of protein were loaded into a 12.5% acrylamide resolving gel (0.3% bis-acrylamide, 0.375 M Tris-HCl, 0.1% SDS, 0.05% ammonium persulfate, and 0.02% tetramethylethylenediamine \[TEMED\]) and 4% acrylamide stacking gel (0.15% bis-acrylamide, 0.125 M Tris-HCl, 0.1% SDS, 0.05% ammonium persulfate, and 0.02% TEMED). After electrophoresis, the gel was transferred to a nitrocellulose membrane (Amersham Pharmacia, Cleveland, OH, USA) for blotting. Membranes were blocked in 5% non-fat milk powder (Santa Cruz Biotechnology) in Tris-buffered saline with Tween 20 (TBST) buffer at room temperature for 2 h before primary antibody incubation at 4°C overnight with rabbit monoclonal PTEN (1:1,000; Cell Signaling Technology, \#9559) or mouse monoclonal SOCS3 (1:1,000; Abcam, \#ab14939) diluted in 1% non-fat milk. After incubation, membranes were rinsed and incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1:1,000; Jackson ImmunoResearch, West Grove, PA, USA) at room temperature for 1 h. GAPDH (1:10,000; Thermo Fisher Scientific, \#AM4300) or β-actin (1:10,000; Sigma \#A3854) was used as an internal loading control. Chemiluminescent signals from bands were detected using enhanced chemiluminescence (ECL) (Amersham Pharmacia) and imaged using a ChemiDoc CCD camera (Bio-Rad). ImageJ was used to quantify band intensity. All antibodies used in this study can be found in [Table S3](#mmc1){ref-type="supplementary-material"}.

Immunofluorescence Staining {#sec4.10}
---------------------------

Cultured RGCs were fixed in 4% paraformaldehyde (PFA) for 20 min at room temperature, and retinal whole mounts and optic nerves were fixed in 4% PFA overnight at 4°C before a 5% normal goat serum (The Jackson Laboratory) and 1% BSA (Sigma) solution in PBS was used for blocking. Primary antibodies included rabbit monoclonal BRN3A (1:50; Abcam, \#ab81213), rabbit polyclonal GAP43 (1:200; Abcam, \#ab12274), mouse monoclonal MAP2 (1:200; Upstate Biotechnology, \#05-346), rabbit monoclonal PTEN (1:100; Cell Signaling Technology, \#9559), rabbit monoclonal TAU (1:200; Abcam, \#ab32057), and mouse monoclonal TUJ1 (1:200; Millipore, \#MAB5564). Primary antibodies were diluted using 2% normal goat serum (NGS) and 1% BSA in PBS (0.03% Triton X-100 was supplemented for BRN3A) and incubated overnight at 4°C. Secondary antibodies were diluted 1:500 (Alexa Fluor 488 or Alexa Fluor 555 conjugates; Molecular Probes, Thermo Fisher Scientific) with Hoechst (1:1,000; Sigma, \#H6024) using 2% NGS and 1% BSA in PBS at room temperature (2 h). Coverslips or slides were mounted using GB-Mount (GBI Labs). Images were captured using a Nikon A1MP confocal microscope using the NIS-Elements software with a 40× objective (NIR Apo 40 x/0.8W, Nikon), or a Nikon Eclipse Ti microscope using the NIS-Elements software with a 20× objective (S Plan Fluor 20×, Nikon).

ISH of miR-19a in Human and Rodent Purified RGCs and Rodent Retinas {#sec4.11}
-------------------------------------------------------------------

A miRNA ISH optimization kit (Exiqon) and TSA plus fluorescein evaluation kit (PerkinElmer) were used for chromogenic and fluorescent detection of miR-19a in the retinas and cultured RGCs, respectively, according to the manufacturer's instructions. Retinas were fixed in 4% PFA at 4°C overnight, cryoprotected in serial dilutions of sucrose (5%, 15%, and 30%), and snap-frozen in Tissue-Tek optimal cutting temperature (OCT) compound (Fisher Scientific). Only cryosections (8 μm) containing both pupil and optic nerve structures were examined. Before probe hybridization, cryosections were heated at 40°C for 20 min before OCT compound removal by PBS. Purified RGCs cultured on 13-mm coverslips (Marienfeld, Germany) for 7 days were fixed using 4% PFA at room temperature for 20 min before fluorescent ISH detection. Double digoxigenin (DIG)-labeled miRCURY locked nucleic acid (LNA) miRNA detection probes (Exiqon) included the following: miR-19a-3p, 5′-TCAGTTTTGCATAGATTTGCAC-3′ (40 nM; Exiqon, \#611510-360); scramble miRNA negative control, 5′-GTGTAACACGTCTATACGCCCA-3′ (40 nM; Exiqon, \#699004-360); and U6 snRNA positive control, 5′-CACGAATTTGCGTGTCATCCTT-3′ (4 nM; Exiqon, \#699002-360). All procedures before the addition of primary antibody were the same for chromogenic and fluorescent ISH. Primary antibodies used for chromogenic and fluorescent ISH were anti-DIG-AP (1:800; Roche) and anti-DIG-POD (1:800; Roche), respectively. Samples were mounted with GB-Mount (GBI Labs) after counterstaining with Hoechst (1:1,000; Sigma, \#H6024). For fluorescent samples, images were captured using a Nikon A1MP confocal microscope using the NIS-Elements software with a 40× objective (NIR Apo 40×/0.8W, Nikon). For chromogenic samples, images were captured using an upright Carl Zeiss Axioplan 2 microscope using the Spot software with a 20× objective (Plan-Apochromat 20×/0.75, Carl Zeiss).

AAV Design and Packaging {#sec4.12}
------------------------

AAV-miR-19a-EGFP was packaged by Virovek (Hayward, CA, USA). Mature miR-19a-3p sequence 5′-TCAGTTTTGCATAGATTTGCACA-3′ was cloned into a pFastBac (pFB) AAV2/2 shuttle vector with a hybrid construct consisting of the cytomegalovirus (CMV) enhancer fused to the chicken β-actin promoter (CAG) promoter and an EGFP fluorescent marker. An empty vector control without a miRNA insert was cloned using the same backbone with either EGFP (green) or mCherry (red) as a fluorescent marker ([Figure S3](#mmc1){ref-type="supplementary-material"}A). Validation with TaqMan qRT-PCR demonstrated a 2.5 ± 0.3-fold increase of miR-19a expression levels in RGCs transduced with AAV-miR-19a-EGFP compared with those transduced with an AAV-EGFP empty vector control ([Figure S3](#mmc1){ref-type="supplementary-material"}C). AAV-miR-19aTuD-EGFP was packaged by the University of Iowa, Viral Vector Core (Iowa City, IA, USA). The miR-19aTuD sequence 5′-GGATCCGACGGCGCTAGGATCATCAAC*CAGTTTT*ccca*ATAGA[TTTGCAC]{.ul}A*CAAGTATTCTGGTCACAGAATACAAC*CAGTTTT*ccca*ATAGA[TTTGCAC]{.ul}A*CAAGATGATCCTAGCGCCGTCTTTTTTGAATTC-3′ (binding site of miR-19a is italicized, seed sequence is underlined, and lowercase letters indicate location of induced bulge to increase miRNA binding affinity by imperfect complementarity) was designed based on previously described methods of AAV-mediated expression of miRNA TuD constructs[@bib59] and cloned into a pFB AAV2/2 shuttle vector with a CMV promoter and an EGFP fluorescent marker ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). An empty vector control was cloned using the same backbone with an EGFP fluorescent marker. Validation with TaqMan qRT-PCR demonstrated a 74% ± 9.9% reduction in miR-19a expression levels in RGCs transduced with AAV-miR-19aTuD-EGFP compared with those transduced with AAV-EGFP empty vector control ([Figure S3](#mmc1){ref-type="supplementary-material"}C). All RGCs *in vitro* were transduced at an MOI of 1 × 10^5^ viral genomes (vg)/cell.

RGC Culture in Microfluidic Chamber {#sec4.13}
-----------------------------------

Axon length was measured by plating purified P6 RGCs into a microfluidic chamber device (Xona Microfluidics, \#RD450) ([Figure S4](#mmc1){ref-type="supplementary-material"}A) for the separation of RGC soma and dendrites from axons ([Figures S4](#mmc1){ref-type="supplementary-material"}B and S4C). The device is composed of two compartments joined by microgrooves that extend 450 μm from one compartment to the other. With RGC somas and dendrites localized in one compartment, only axons extended into the adjacent compartment through microgrooves. Purified P6 RGCs were transduced by AAV-miR-19a-EGFP or AAV-EGFP at an MOI of 1 × 10^5^ and plated at a density of 3--4 × 10^5^ cells/chamber. Images were captured and automatically stitched using a Nikon Eclipse Ti microscope and NIS-Elements software on day 14 using a 20× objective (S Plan Fluor 20×, Nikon). All axons extended into the axon compartment were manually traced before measurement of total axon length (i.e., sum of all manually traced axon extensions) using a custom program written in MATLAB ([Data S2](#mmc6){ref-type="supplementary-material"}).

Time-Lapse Imaging of RGCs {#sec4.14}
--------------------------

The rate of axon extension of purified RGCs (cultured at 20 cells/mm^2^) from P6 SD rats transduced by AAV-miR-19a-EGFP or AAV-EGFP (MOI of 1 × 10^5^) was measured with time-lapse imaging. RGCs cultured for 14 days were trypsinized and replated onto glass-bottom dishes (MatTek, \#P35G-1.0-14) pre-coated with 0.2 mg/mL PDL (Millipore) and 20 μg/mL laminin (Invitrogen) in a 37°C heated chamber (Chamlide UM, Live Cell Instrument, Korea) with 5% CO~2~. Only RGCs with EGFP expression and an extended neurite with a visible growth cone were selected for time-lapse imaging. Images were automatically captured every 20 min for 8 h by a Nikon A1MP confocal microscope using the NIS-Elements software with a 40× objective (NIR Apo 40×/0.8W, Nikon). The longest neurite length and soma area were manually traced and measured at each time point using the NIS-Elements analysis software (NIS AR, Nikon). Circularity was defined as 4π*a*/*p*^2^, where *a* and *p* *represent the area and perimeter of a cell, respectively*. Circularity equals 1 for circles, whereas all other shapes have a circularity less than 1 (NIS AR, Nikon).

Intravitreal Injection of AAV and Optic Nerve Crush {#sec4.15}
---------------------------------------------------

Sixteen 1-month-old C57BL/6J mice (males) were anaesthetized with 100 mg/kg ketamine and 9 mg/kg xylazine. Intravitreal injection of 1 μL (2.13 × 10^13^ vg/mL) of AAV-miR-19a-EGFP (n = 8 mice) or AAV-EGFP (n = 8 mice) was performed in one eye of each animal. The optic nerve of the injected eye was crushed 3--4 weeks after the intravitreal injection. After anaesthetizing the animals (as described above), inferior limbal conjunctival peritomy was performed. The conjunctiva was gently peeled back to allow access to the retrobulbar region. The optic nerve was exposed through a small window after a gentle blunt dissection dissociating the surrounding blood sinuses and connective tissue. The optic nerve was crushed using a pair of Dumant no. 5 self-closing tweezers (Ted Pella, Redding, CA, USA) for 2 s at a site approximately 1 mm posterior to the globe. Antibiotic ointment was applied to the surgical site after injection. During the postoperative period, mice were monitored for normal eating and drinking behavior.

Quantification of Regenerated Axons in the Optic Nerve {#sec4.16}
------------------------------------------------------

After 3--4 weeks of optic nerve crush, mice were anesthetized with 100 mg/kg ketamine and 9 mg/kg xylazine. The eye with optic nerve crush received intravitreal injection of 1 μL of CTB Alexa Fluor 555 conjugate (2 μg/μL; Invitrogen). Four days after intravitreal injection of CTB, mice were perfused using 4% PFA. The eyeballs were removed and immersed in 4% PFA at 4°C overnight for TUJ1 staining (see [Immunofluorescence Staining for Quantification of RGC Survival](#sec4.17){ref-type="sec"}). The optic nerves were dissected, immersed in 4% PFA at 4°C overnight, cryoprotected in serial dilutions of sucrose (5%, 15%, and 30%), and snap-frozen in Tissue-Tek OCT compound (Fisher Scientific). The cryosections were cut at 8-μm thickness (*t*) using a cryostat (CryoStar NX50, Thermo Scientific). Three to five sections of each optic nerve were used for analysis by two blinded observers. The numbers of CTB-labeled axons were counted at distances of 0.2, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, and 4 mm from the optic nerve crush site. The cross-sectional width of the optic nerve was measured at every recorded distance from the optic nerve crush site. The radius (*r*) (μm) of the optic nerve at every recorded distance was defined as the measured width (*w*) (μm) divided by 2. The total number of regenerated axons (*a*) at every recorded distance (*d*) (mm) from the optic nerve crush site was estimated by averaging all sections with *r* (μm), *w* (μm), and *t* (μm) as follows: *a*~*d*~ = π*r*^2^ × \[average number of counted regenerated axons per section per recorded distance/(*w* × *t*)\].

Immunofluorescence Staining for Quantification of RGC Survival {#sec4.17}
--------------------------------------------------------------

Retinas were dissected for TUJ1 immunofluorescence staining to quantify the number of surviving RGCs after optic nerve crush. Retinas were blocked in 5% NGS and 1% BSA for 1 h at room temperature and incubated with monoclonal TUJ1 antibody (1:500; Covance, \#PRB-425P) in 2% NGS and 1% BSA overnight at 4°C. Anti-rabbit secondary antibody (Alexa Fluor 350, Thermo Fisher Scientific) was used in 2% NGS and 1% BSA at 1:500 for 2 h at room temperature. Retinas were flat-mounted with the RGC layer facing upward and mounted onto a glass slide using GB-Mount (GBI Labs). Images were captured with a Nikon A1MP confocal microscope using the NIS-Elements software with a 40× objective (NIR Apo 40×/0.8W, Nikon). A total of 24 fields were imaged per retina (6 fields per retinal quadrant). The total number of TUJ1-positive cells per field was measured across all images per eye.

Human RGC Axon and Neurite Length Analysis {#sec4.18}
------------------------------------------

Purified human adult RGCs were plated at 40 cells/mm^2^ and transduced with either AAV-EGFP or AAV-miR-19a-EGFP at an MOI of 1 × 10^5^. Two weeks post-transduction, RGCs were fixed and imaged using a Nikon Eclipse Ti microscope using the NIS-Elements software with a 20× objective (S Plan Fluor 20×, Nikon). Only RGCs with EGFP expression were included for analysis. All RGC cell bodies and neurites were manually traced before axon length and total neurite length analysis using a written MATLAB program ([Data S1](#mmc5){ref-type="supplementary-material"}). The longest neurite of the RGC was identified as the axon.

Statistical Analysis {#sec4.19}
--------------------

Statistical analyses were performed using Stata 13.0 (StataCorp, College Station, TX, USA). A two-tailed moderated t test with a Benjamini-Hochberg correction for false discovery rate was used to compare the means of miRNA microarray expression values between E21 and P6 and between E21 and P30.[@bib70], [@bib71], [@bib72], [@bib73] An unpaired two-tailed Student's t test was used for comparisons between two groups of equal sample size: (1) miR-17-92 expression levels measured by TaqMan qRT-PCR between E21 and P6/P30 RGCs; (2) RGC neurite lengths *in vitro* between E21 and P6/P30 RGCs; (3) dual luciferase *PTEN, mPTEN,* and *SOCS3* 3′ UTR expression levels between scramble oligos and miR-19a mimic oligos; (4) miR-19a fold change measured by TaqMan qRT-PCR between AAV-EGFP- and AAV-miR-19a-EGFP-transduced RGCs and between AAV-EGFP- and AAV-miR-19aTuD-EGFP-transduced RGCs; (5) PTEN and SOCS3 immunoblots between AAV-EGFP- and AAV-miR-19a-EGFP-transduced RGCs; (6) immunocytofluorescent staining of PTEN between AAV-EGFP- and AAV-miR-19a-EGFP-transduced RGCs and between AAV-EGFP- and AAV-miR-19aTuD-EGFP-transduced RGCs; (7) immunocytofluorescent staining of PTEN between E21 and P6, E21 and P30, and P6 and P30 RGCs; (8) microfluidic chamber axon lengths between AAV-EGFP- and AAV-miR-19a-EGFP-transduced RGCs and between AAV-EGFP- and AAV-miR-19aTuD-EGFP-transduced RGCs; (9) RGC soma diameter, soma circularity, duration, baseline length, and length of axon extension between AAV-EGFP- and AAV-miR-19a-EGFP-transduced RGCs; (10) TUJ1-positive RGCs after optic nerve crush between AAV-EGFP- and AAV-miR-19a-EGFP-transduced retinas; and (11) human RGC axon lengths and total neurite lengths between AAV-EGFP- and AAV-miR-19a-EGFP-transduced RGCs. Multivariable linear mixed modeling was used for analysis of (1) time-lapse imaging comparing the rates of axon extension between AAV-EGFP- and AAV-miR-19a-EGFP-transduced RGCs and (2) optic nerve count of regenerated axonal fibers, controlling for repeated measurements. For time-lapse imaging for measurement of axon extension, the model was fitted with axon length as the dependent variable; time, types of AAV transduction (AAV-EGFP or AAV-miR-19a-EGFP), the interaction between time and types of AAV transduction (to determine whether the types of AAV transduction would affect the rate of axon extension), baseline axon length, and the interaction between baseline axon length and time served as fixed effects variables, including random intercepts (axon lengths measured at multiple time points nested within cell) and random coefficients for time for individual RGCs. For optic nerve counts, the model was fitted with CTB-labeled axon length as the dependent variable; distance from optic nerve crush site and types of AAV transduction (AAV-EGFP or AAV-miR-19a-EGFP) served as fixed effects variables, with random intercepts for individual mice (number of CTB-labeled axons nested within mice). In all analyses, p \<0.05 was considered to be statistically significant.

Data and Software Availability {#sec4.20}
------------------------------

All microarray data that support the findings of this study have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GEO: [GSE102458](ncbi-geo:GSE102458){#intref0010}). All other relevant data are available from the corresponding author upon request. All MATLAB software coding that support the findings of this study are provided in [Supplemental Information](#mmc1){ref-type="supplementary-material"}.
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